Vegetative phase change in flowering plants is regulated by a decrease in the level of miR156. The molecular mechanism of this temporally regulated decrease in miR156 expression is still unknown. Most of the miR156 in Arabidopsis thaliana shoots is produced by MIR156A and MIR156C. We found that the downregulation of these genes during vegetative phase change is associated with an increase in their level of histone H3 lysine 27 trimethylation (H3K27me3) and requires this chromatin modification. The increase in H3K27me3 at MIR156A/MIR156C is associated with an increase in the binding of PRC2 to these genes and is mediated redundantly by the E(z) homologs SWINGER and CURLY LEAF. The CHD3 chromatin remodeler PICKLE (PKL) promotes the addition of H3K27me3 to MIR156A/MIR156C but is not responsible for the temporal increase in this chromatin mark. PKL is bound to the promoters of MIR156A/MIR156C, where it promotes low levels of H3K27ac early in shoot development and stabilizes the nucleosome at the +1 position. These results suggest a molecular mechanism for the initiation and maintenance of vegetative phase change in plants.
INTRODUCTION
Plants undergo two major developmental transitions after germination. The first occurs when the shoot transitions from a juvenile to an adult phase of vegetative growth (vegetative phase change); this is followed by the transition to a reproductive phase of development, which is marked by the production of specialized reproductive structures, such as flowers or cones (Poethig, 2013) . Many perennial plants alternate between the adult vegetative phase and the reproductive phase, but vegetative phase change is typically unidirectional: Once plants have transitioned to the adult vegetative phase, they usually remain in this phase for the rest of their life. The stability of the juvenile and adult vegetative phases has fascinated plant biologists for a long time (Wareing, 1959; Brink, 1962) , but the molecular mechanism of this stability is still unknown.
The repressive chromatin modification, histone H3 lysine 27 trimethylation (H3K27me3), plays a major role in controlling the timing of developmental transitions in plants (reviewed in Köhler et al., 2012; Derkacheva and Hennig, 2014; Kim and Sung, 2014) . After germination, it contributes to the downregulation of embryonic genes in both the root and shoot and to the repression of SHOOTMERISTEMLESS (STM) in leaves. H3K27me3 also plays an important role in the regulation of flowering time in Arabidopsis thaliana, where it prevents the premature expression of genes involved in floral morphogenesis (Goodrich et al., 1997) and represses the expression of the floral repressor FLOWERING LOCUS C (FLC) during the process of vernalization (Bastow et al., 2004; Sung and Amasino, 2004) .
H3K27me3 is a product of Polycomb Repressive Complex 2 (PRC2) activity (Simon and Kingston, 2013 [FIE] ). The mutant phenotypes of the genes encoding these proteins, and the composition of the protein complexes identified in planta (Köhler et al., 2003; Wood et al., 2006; De Lucia et al., 2008; Derkacheva et al., 2013) , reveal that Arabidopsis possesses several functionally distinct PRC2 complexes. The complex with the largest role in postembryonic development is referred to as the EMF2 complex and consists of FIE, EMF2, MSI1, and either SWN or CLF (Derkacheva et al., 2013) .
The molecular mechanism of H3K27me3 deposition in plants has been particularly well studied in the case of FLC in Arabidopsis. After a prolonged exposure to cold, the transcription of FLC is repressed by the presence of H3K27me3 across the entire locus (Bastow et al., 2004; Sung and Amasino, 2004) . The deposition of H3K27me3 is mediated by several PHD finger proteins (Bastow et al., 2004; Sung and Amasino, 2004; Sung et al., 2006; Kim and Sung, 2013 ) and a long noncoding RNA (Heo and Sung, 2011) , which become associated with PRC2 during the cold and direct it to FLC. At other loci, the deposition of H3K27me3 is regulated by chromatin remodeling factors that facilitate or repress the association of PcG proteins with chromatin. For example, the SWI2/SNF2 family chromatin remodeler BRAHMA inhibits the deposition of H3K27me3 by blocking the accessibility of chromatin to CLF and SWN (Li et al., 2015) . The CHD3 chromatin remodeler PICKLE (PKL) is present at many genes that are enriched for H3K27me3 and promotes H3K27me3 and the transcriptional repression of several of these genes (Perruc et al., 2007; Zhang et al., 2008) . However, PKL is also present at highly expressed genes, as well as at H3K27me3-enriched genes whose expression is either upregulated or unchanged in pkl mutants (Aichinger et al., 2009 (Aichinger et al., , 2011 Zhang et al., 2012; Jing et al., 2013) . How PKL promotes H3K27me3 and why it sometimes activates and sometimes represses the expression of genes with which it is associated is unknown.
In Arabidopsis and in many other plants, vegetative phase change is regulated by a decrease in the level of the microRNA, miR156. miR156 is present at high levels after germination and declines during shoot development, leading to an increase in its direct targets, transcripts encoding SQUAMOSA PROMOTER BINDING (SBP/SPL) transcription factors (Wu and Poethig, 2006; Wang et al., 2009; Wu et al., 2009) . Genome-wide analysis of the distribution of H3K27me3 indicates that several MIR156 genes possess this mark (Lafos et al., 2011) . It has also been reported that miR156 expression is upregulated in mutants with reduced levels of H3K27me3 (Picó et al., 2015) . However, whether H3K27me3 is temporally deposited at MIR156 genes and, if so, whether this contributes to the decrease in their expression during vegetative phase change remains unclear. Here, we show that the downregulation of miR156 during vegetative phase change is mediated by a decrease in the level of H3K27ac and an increase in the level of H3K27me3 at MIR156A and MIR156C. We also show that PKL promotes vegetative phase change by stabilizing the +1 nucleosome and by promoting low levels of H3K27ac and high levels of H3K27me3 at MIR156A and MIR156C. Our results suggest a mechanism for vegetative phase change and support the hypothesis that the balance between H3K27ac and H327me3 plays an important role in gene expression.
RESULTS
Under short-day conditions, the abundance of mature miR156 in shoot apices of wild-type plants declined to ;10% of the starting level during the first three weeks after germination and changed very little after this time (Figure 1 A) . This result is consistent with previous studies Wu et al., 2009; Bergonzi et al., 2013; Wahl et al., 2013) , although our results revealed that the decline in miR156 levels early in development is much larger than has previously been reported. Most of the miR156 in vegetative tissue is produced by MIR156A and MIR156C, which generate approximately equal amounts of this transcript (Yang et al., 2013) . RT-qPCR revealed that the abundance of the primary transcripts (pri-miRNAs) of these genes decreased in a pattern similar to that of mature miR156 ( Figure 1B ). This observation indicates that the abundance of miR156 depends primarily on the transcription of MIR156A/MIR156C, rather than on the processing of pri-miR156a and pri-miR156c into miR156. pri-miR156a declined more rapidly and to a lower level than pri-miR156c, suggesting that the transcription of MIR156A and MIR156C is regulated by similar, but not completely identical mechanisms.
To identify genes involved in the temporal regulation of miR156 expression, we screened for ethyl methanesulfonate-induced mutations that enhance or suppress the early phase change phenotype of sqn-1. SQUINT (SQN) is the Arabidopsis ortholog of Cyclophilin 40 (Berardini et al., 2001) and acts in association with HEAT SHOCK PROTEIN90 to promote the activity of ARGONAUTE1 (AGO1) (Earley and Poethig, 2011; Iki et al., 2012) . The phenotype of sqn-1 reflects a decrease in the activity of AGO1-dependent miRNAs, with its effect on vegetative phase change being largely explained by a reduction in the activity of miR156 (Smith et al., 2009) . Among the suppressors identified in this screen was a splice-site mutation in PKL, pkl-11 (Supplemental Figure 1A) . Plants doubly mutant for sqn-1 and pkl-11 closely resembled pkl-11 in both leaf morphology and in the timing of abaxial trichome production (Supplemental Figure 1B ). This result indicates that PKL is required for the effect of sqn-1 on vegetative phase change.
The Decrease in MIR156A/MIR156C Transcription Is Associated with an Increase in H3K27me3 and a Decrease in H3K27ac
Loss-of-function mutations of PKL affect the expression of genes associated with H3K27me3 and reduce the level of H3K27me3 at some of the affected genes (Perruc et al., 2007; Zhang et al., 2008; Aichinger et al., 2009; Zhang et al., 2012) . This observation suggested that pkl might suppress the precocious vegetative phase phenotype of sqn-1 by reducing the level of H3K27me3 at MIR156A/MIR156C, thereby increasing the expression of these genes. We tested this hypothesis by measuring the abundance of H3K27me3 at MIR156A/MIR156C in plants of different ages using chromatin immunoprecipitation (ChIP). Chromatin from shoot apices of wild-type plants grown in short days (SDs) was immunoprecipitated with antibodies to H3K27me3 (see Methods for the sampling strategy). Sites in the promoter and transcribed regions of MIR156A/MIR156C (Yang et al., 2013) were amplified by qPCR, and these results were normalized to the results from H3 ChIP and then to the results obtain for a site in located just after the transcription start site of the STM gene to correct for experimental variation in the recovery of H3K27me3 and H3K27ac. This site has been used as a normalization control in previous studies of epigenetic factors controlling FLC expression (Coustham et al., 2012; Crevillén et al., 2014; Yang et al., 2014) . It has substantial amounts of both H3K27me3 and H3K27ac, allowing it to be used for the normalization of both of these epigenetic marks (Supplemental Figure 2) . The results obtained without normalization to STM are shown in Supplemental Figure 3 .
H3K27me3 was low in the promoters and transcribed regions of MIR156A/MIR156C at 1 week and increased across these loci in successively older shoots ( Figure 1C ). It increased most quickly in the region immediately downstream of the transcription start site (TSS) and was relatively high in this region even at 5 weeks. Consistent with the expression pattern of their primary transcripts ( Figure 1B ), H3K27me3 increased very rapidly from 1 to 2 weeks at MIR156A and increased more slowly at MIR156C. H3K27ac is a mark of active chromatin and is negatively correlated with H3K27me3 in Arabidopsis (Charron et al., 2009) , possibly because it inhibits the binding of PRC2 (Tie et al., 2009; Reynolds et al., 2012; Kimura, 2013) . A parallel analysis of H3K27ac levels at MIR156A/MIR156C revealed that this mark is present in a region immediately after the TSS, in a pattern complementary to, but more restricted than, the distribution of H3K27me3 ( Figure 1D ). H3K27ac levels decreased from 1 to 3 weeks and remained constant after this time. These results support the hypothesis that a decrease in H3K27ac and a concomitant increase in H3K27me3 contribute to the downregulation of MIR156A/MIR156C during vegetative phase change.
PKL and SWN Promote Vegetative Phase Change by Repressing the Transcription of MIR156A/MIR156C
To test the hypothesis that vegetative phase change is regulated by an increase in H3K27me3, we characterized the phenotype of mutations that reduce this chromatin mark. For this purpose, we examined strong alleles of PKL, pkl-1 and pkl-10 (GK_273E06), two null alleles of CLF, clf-28 and clf-29, and a null allele (swn-3) and a hypomorphic allele (swn-7) of SWN (Supplemental Figure  1C) . CLF and SWN encode the histone methyl transferase subunit of PRC2. Plants deficient for both of these genes have no detectable H3K27me3 in vegetative tissue (Bouyer et al., 2011; Lafos et al., 2011) , suggesting that all of the H3K27me3 at MIR156A/ MIR156C is a product of one or both of these enzymes.
In Arabidopsis, juvenile leaves are small and round and lack trichomes on their abaxial surface, whereas adult leaves are (A) and (B) RT-qPCR analysis of temporal variation in mature miR156 (A), and pri-miR156a and pri-miR156c (B) in Col shoot apices. Values are mean 6 SE from three independent biological replicates. w, weeks. (C) and (D) ChIP analysis of temporal variation in H3K27me3 (C) and H3K27ac (D) at MIR156A and MIR156C in Col shoot apices. The positions of the sites analyzed by qPCR are indicated by the diagrams above the graphs. Black boxes represent exons, the gray box is the position of the miR156 hairpin, and arrows indicate the direction of transcription, based on the data presented by Yang et al. (2013) . Data are presented as the ratio of (MIR156A/H3) to (STM/H3) or (MIR156C/H3) to (STM/H3). elongated, have serrated margins, and produce abaxial trichomes (Telfer et al., 1997) . swn-3 and swn-7 had slightly rounder leaves (Figures 2A to 2C ) and produced abaxial trichomes approximately two plastochrons later than Col in both long days (LDs) and SDs ( Figures 2D and 2E ). The phenotype of swn-7 was slightly weaker than that of swn-3, which is consistent with the observation that swn-7 produces a small amount of the SWN transcript (Supplemental Figure 1C) . pkl-1 and pkl-10 were morphologically identical and produced an identical delay in abaxial trichome production (Supplemental Figure 4A ). We used pkl-10 (hereafter, pkl) for all experiments because it is a null allele (Supplemental Figure 1C) . pkl had nearly the same effect on leaf shape and abaxial trichome production as swn-3 and swn-7 but produced smaller leaves than these mutations ( Figure 2 ). clf-28 and clf-29 had elongated, upcurled leaves, which is opposite to the phenotype of swn and pkl (Supplemental Figure 4B ). In LDs, clf-29 produced a small, but significant delay in abaxial trichome production (Supplemental Figure 4C ). However, in SDs, clf-29 produced abaxial trichomes slightly earlier than Col because abaxial trichome production was delayed in Col but not in clf-29 under these conditions (Supplemental Figure 4C ).
To determine the functional relationships between SWN, CLF, and PKL, we produced clf-28 swn-7, clf-29 pkl, swn-7 pkl, and swn-3 pkl double mutants. As has previously been reported (Chanvivattana et al., 2004; Aichinger et al., 2009) , clf-28 swn-7 never progressed past the early seedling stage and eventually dedifferentiated into callus, making it impossible to determine the effect of this double mutant combination on vegetative phase change. clf pkl mutants had a largely additive phenotype: Although these plants were smaller than either single mutant, they displayed a combination of traits from each single mutant (Supplemental Figures 4B and 4C) . Specifically, the basal rosette leaves of clf-29 pkl curled downwards, like pkl, whereas the apical leaves curled upwards, like clf (Supplemental Figure 4B) ; abaxial trichome production in clf-29 pkl was not significantly different than in pkl (Supplemental Figure 4C) . In swn-7 pkl double mutants, abaxial trichome production was delayed by three plastochrons in LDs and five plastochrons in SDs relative to Col ( Figure 2D ). swn-3 pkl double mutants had a more severe phenotype. In this genotype, abaxial trichome production was delayed by six plastochrons in LDs and 16 plastochrons in SDs ( Figure 2E ), which is significantly greater than the sum of the effects of the single mutations. The leaves of swn-3 pkl mutants were also less serrated and rounder (D) and (E) swn-7, swn-3, and pkl delay the production of leaves with abaxial trichomes under both LD and SD conditions; (E) swn-3 and pkl interact synergistically in double mutants. All mutants were significantly different from Col in both LDs and SDs. *P < 0.01, Student's t test, n = 23 or 24 for each genotype.
than the leaves of the single mutant lines ( Figures 2B and 2C ). The synergistic effect of pkl swn on these phase-specific traits suggests that PKL and SWN operate in different, functionally related processes.
To determine if PKL and SWN regulate vegetative phase change by affecting the expression of miR156, we examined the effect of pkl, swn-3, and swn-3 pkl on the expression pattern of miR156 by in situ hybridization and RT-qPCR. In situ hybridization revealed that miR156 was expressed uniformly and at high levels in the shoot apical meristem and leaf primordia of Col at 1 week and was expressed at much lower levels at 2 and 3 weeks ( Figure 3A ). The expression pattern of miR156 in swn-3 was similar to Col at all three times ( Figure 3A ). pkl and swn-3 pkl were indistinguishable from Col at 1 week, but both genotypes had significantly elevated levels of miR156 at 2 and 3 weeks ( Figure 3A ). This analysis also revealed that there was no change in the spatial pattern of miR156 expression over time and no difference in spatial pattern of miR156 expression in swn-3, pkl, and swn-3 pkl relative to Col. RT-qPCR analysis of miR156 levels in shoot apices of 8-, 12-, 16-, and 20-dold plants showed that miR156 levels were slightly, but consistently, elevated in swn-3, although this effect was not statistically significant. However, miR156 declined more slowly than normal in pkl and declined even more slowly in swn-3 pkl. The effect of pkl and swn on the expression of pri-miR156a ( Figure 3C ) and primiR156c ( Figure 3D ) was largely consistent with their effect on miR156. swn-3 had no significant effect on the expression of these transcripts early in development, although they were sometimes elevated in this mutant after 12 d. In pkl, pri-miR156a and primiR156c were elevated, but not significantly, at 8 d but were elevated at later time points. In swn-3 pkl, pri-miR156a and primiR156c were also slightly elevated at 8 d and declined much more slowly than in Col ( Figures 3C and 3D) . Indeed, pri-miR156c did not undergo any decrease in expression in swn-3 pkl from 8 to 20 d ( Figure 3D ). These results suggest that SWN and PKL operate in parallel to promote the transcriptional repression of MIR156A/ MIR156C during vegetative phase change.
One possible explanation for the synergistic interaction between pkl and swn-3 is that SWN and CLF redundantly repress MIR156A/MIR156C and PKL promotes the activity of both proteins. According to this hypothesis, the relatively weak phenotype of pkl is attributable to a slight reduction in the activity of both SWN and CLF, whereas the synergistic phenotype of swn-3 pkl is attributable to the complete loss of SWN coupled with a reduction in CLF activity. If this hypothesis is correct, the expression of miR156 should be elevated in swn clf double mutants. swn clf seedlings develop slowly and eventually form a callus; however, they produce leaf primordia and remain differentiated for ;2 weeks after germination, making it possible to compare miR156 expression in mutant and wild-type plants just prior to their dedifferentiation. miR156 expression was not significantly affected by swn-7, was slightly elevated in clf-28, andwas significantly higher in swn-7 clf-28 than in either clf-28 or Col ( Figure 3E ). This result is consistent with the results of other investigators (Picó et al., 2015) and supports the conclusion that SWN and CLF redundantly repress the expression of miR156.
The functional significance of the effect of swn-3, pkl, and swn-3 pkl on miR156 expression was investigated by measuring the expression of SPL9 and SPL15, which are direct targets of miR156. SPL genes are both cleaved and translationally repressed by miR156, so their transcript levels do not necessarily reflect the full effect of miR156 on their expression (Gandikota et al., 2007; Yang et al., 2012) . Nevertheless, the abundance of these transcripts was consistent with the level of miR156 in these genotypes: SPL9 and SPL15 were unaffected (SPL9) or only slightly lower (SPL15) in swn-3 but were reduced to ;70% of Col in pkl and to ;50 to 60% of Col in swn-3 pkl ( Figure 3F ). We also examined the effect of a 35S:MIM156 transgene on the phenotype of swn-3, pkl, and swn-3 pkl. This transgene constitutively expresses a transcript with a noncleavable miR156 target site and acts as a sponge for miR156 (Franco-Zorrilla et al., 2007) . 35S: MIM156 completely suppressed the abaxial trichome phenotype of swn-3 and pkl and nearly completely suppressed the abaxial trichome phenotype of swn-3 pkl ( Figure 3G ). These results suggest that the effect of pkl and swn-3 pkl on vegetative phase change is largely attributable to their effect on the expression of miR156. However, the observation that swn-3 has a slight effect on vegetative phase change and the expression of SPL15 without having a significant effect on miR156 expression suggests that it may also affect the expression of SPL genes independently of miR156.
PKL Increases H3K27me3 and Reduces H3K27ac at MIR156A/MIR156C
To determine if the increase in miR156 expression in pkl and swn-3 pkl is correlated with changes in H3K27me3 and H3K27ac, we used ChIP to measure the levels of these marks at positions near the TSS and the middle of MIR156A/MIR156C in mutant and wildtype plants of different ages (Figure 4) . The results were normalized to the level of H3K27me3 or H3K27ac at STM, which was not significantly affected by these mutations (Supplemental Figure  2) . In Col, H3K27me3 increased nearly 3-fold at MIR156A between 1 and 2 weeks and then increased more slowly between 2 and 3 weeks. At MIR156C, H3K27me3 increased gradually from 1 to 3 weeks. The swn-3 mutants sometimes displayed reduced amounts of H3K27me3 at both genes at 2 or 3 weeks, but this effect was not reproducible. pkl had no effect on H3K27me3 at 1 week but had significantly lower levels of H3K27me3 near the 59 ends of both genes at 2 and 3 weeks. swn-3 pkl had normal levels of H3K27me3 at 1 week and significantly reduced levels of H3K27me3 at both the 59 and 39 ends of these genes at 2 and 3 weeks. Indeed, swn-3 pkl nearly completely blocked the increase in H3K27me3 at MIR156C and had a similarly strong effect on the 59 site at MIR156A. These results are consistent with the expression patterns of pri-miR156a and pri-miR156c in these mutants ( Figures 3C and 3D ) and suggest that H3K27me3 is required for the transcriptional repression of MIR156A/MIR156C during vegetative phase change.
We compared the effect of swn-3 and clf-28 on H3K27me3 levels at MIR156A/MIR156C at 2 weeks in order to determine the relative importance of SWN and CLF at these loci ( Figure 4D ). We did not normalize these results to STM because clf is known to reduce H3K27me3 levels at this gene (Schubert et al., 2006) . swn-3 had no effect on H3K27me3 at MIR156A/MIR156C, but clf-28 reduced H3K27me3 at MIR156A by ;40% and produced a smaller, but still significant, reduction in H3K27me3 at MIR156C.
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The Plant Cell Thus, CLF contributes more significantly to H3K27me3 at MIR156A/MIR156C than SWN. However, both CLF and SWN repress miR156 expression, as miR156 expression was greater in swn clf double mutants than in either single mutant ( Figure 3E ). In animals, PKL-related proteins are components of NuRD, a multiprotein complex that contains a histone deacetylase (McDonel et al., 2009; Allen et al., 2013) . To determine if PKL regulates the level of H3K27ac, we measured the abundance of this mark in parallel to H3K27me3 ( Figure 4C ). swn-3 had no effect on H3K27ac at MIR156A/MIR156C at 1, 2, or 3 weeks, but both pkl and swn-3 pkl seedlings had significantly elevated levels of H3K27ac at MIR156A/MIR156C at 1 week and slightly elevated levels of H3K27ac near the 59 ends of these genes at 2 weeks. There was no significant difference in the level of H3K27ac in pkl and swn-3 pkl, implying that this effect is entirely attributable to pkl. This result demonstrates that PKL promotes low levels of H3K27ac at MIR156A/MIR156C early in shoot development. It is important to emphasize that there is little, if any, difference in the level of miR156, pri-miR156a, or pri-miR156c in pkl and wild-type plants at 1 week ( Figures  3B to 3D ), despite the significant difference in the level of H3K27ac in these plants ( Figure 4C ). This implies that the increased level of H3K27ac in pkl at 1 week is not an indirect result of its effect on transcription.
PKL and PRC2 Bind to MIR156A/MIR156C
It has been suggested (Aichinger et al., 2009 (Aichinger et al., , 2011 that PKL functions redundantly with PKR2 to promote H3K27me3 by promoting the transcription of PcG genes. To test this hypothesis, we used RT-qPCR to measure the transcripts of CLF, FIE, EMF2, VRN2, and MSI1 in 12-and 16-d-old shoot apices of wild-type, swn-3, pkl, and swn-3 pkl mutants. Consistent with the results of a previous study (Zhang et al., 2012) , we did not observe a consistent difference in the expression of these genes in mutant and wild-type plants (Supplemental Figures 5A and 5B) . pkl also had no consistent effect on SWN expression (Supplemental Figure 5C ). These results demonstrate that the effect of pkl on H3K27me3 is not an indirect result of reduced PcG gene expression. To determine if the temporal increase H3K27me3 is attributable to a increase in the expression of PKL or PcG genes, we measured the transcripts of PKL, PKR1, SWN, CLF, VRN2, FIE, VRN2, MSI1, EMF2, and MEA by RT-qPCR over a 3-week period. None of these transcripts varied significantly during this time period (Supplemental Figure 5D ). This result suggests that the temporal increase in H3K27me3 at MIR156A/MIR156C is either mediated by a posttranscriptionally regulated increase in PRC2 proteins or by a temporally regulated factor that increases the affinity of PcG proteins for MIR156A and MIR156C.
To determine if PKL could potentially promote the association of PcG proteins with MIR156A/MIR156C, we took advantage of pkl-1 plants expressing a pPKL:PKL-FLAG transgene that rescues the pkl-1 mutant phenotype (Zhang et al., 2012) . Chromatin from shoot apices of 1-, 2-, and 3-week-old plants was immunoprecipitated with an antibody to FLAG, and sites from across MIR156A/MIR156C were assayed by qPCR ( Figure 5A ) These results were normalized to sites near these genes ( Figure  5A ) that were not bound by PKL, as shown by a comparison of the qPCR results for these sites to the results obtained for TA2 (Supplemental Figure 6) , a retrotransposon whose chromatin state is not affected by pkl (Perruc et al., 2007; Zhang et al., 2012) . PKL was bound to the promoters of MIR156A/MIR156C adjacent to the TSS and was present at approximately the same level at this site in 1-, 2-, and 3-week-old seedlings ( Figure 5B ). We then used a fie-11 pFIE:FIE-HA transgenic line (Wood et al., 2006) to characterize the association of PRC2 with MIR156A/MIR156C. FIE is the only ESC-like protein in Arabidopsis and is therefore present in all PRC2 complexes. At MIR156A, FIE was present at very low levels at 1 week, increased significantly at 2 weeks, and then returned to its original level at 3 weeks ( Figure 5C ). At MIR156C, FIE levels increased gradually across the entire transcribed region from 1 to 3 weeks ( Figure 5C ). These results suggest that the increase in H3K27me3 at MIR156A/MIR156C is the result of an increase in the affinity of PRC2 for these genes. Our data also suggest that PKL could potentially facilitate the interaction between PRC2 and MIR156A/MIR156C.
PKL Promotes Nucleosome Occupancy
PKL is capable of promoting nucleosome sliding in vitro (Ho et al., 2013) , but it is unknown if it promotes nucleosome remodeling in planta. To address this question, we used a micrococcal nuclease (MNase) assay to measure nucleosome occupancy near the MIR156A/MIR156C TSS in Col and pkl. We were particularly interested in nucleosome occupancy near the MIR156A/MIR156C TSS because the +1 nucleosome affects transcription efficiency (Henikoff, 2008; Petesch and Lis, 2012) , and our ChIP results indicate that PKL is located near this site ( Figure 5B ). Chromatin (A) In situ localization of mature miR156 in the shoot apices of Col and mutant plants at 1, 2, and 3 weeks of development. The insert in the 2w Col panel shows hybridization to a mir156a miR156c double mutant (Yang et al., 2013) , as a control for the background signal. Bars = 50 µm. (B) to (D) RT-qPCR analysis of temporal variation in miR156 (B), pri-miR156a (C), and pri-miR156c (D) in the shoot apices of Col and mutant plants. miR156 decreases more slowly than normal in swn-3 pkl. Values are relative to Col at 8 d and represent the mean 6 SE from three biological replicates. (E) RT-qPCR analysis of miR156 in 2-week-old Col and mutant plants. miR156 is significantly elevated in clf-28 (*P < 0.05) and swn-7 clf-28 (*P < 0.01, Student's t test). Values are relative to Col and represent the mean 6 SE from three biological replicates. (F) RT-qPCR analysis of SPL9 and SPL15 transcripts in 20-d-old Col and mutant plants. SPL9 is significantly reduced in pkl and swn-3 pkl, and SPL15 is significantly reduced in all three genotypes (*P < 0.05, Student's t test). Values are relative to Col and represent the mean 6 SE from two biological replicates. (G) First leaf with abaxial trichomes in Col, mutant, and 35S:MIM156 transgenic plants. 35S:MIM156 suppresses the phenotype of swn-3, pkl, and swn-3 pkl. n = 19 to 24 for each genotype.
was isolated from Col and pkl rosettes at 1, 2, and 3 weeks after germination and treated with MNase, and the abundance of DNA fragments from a 600-bp region surrounding the TSS of MIR156A and MIR156C was then assayed by qPCR. We used rosettes rather than shoot apices because of the large amount of tissue required for this assay. These data were normalized using a site from At4g07700 (Kumar and Wigge, 2010) , whose MNase sensitivity did not change over time and which was not affected by pkl (Supplemental Figure 7) .
MIR156A had two protected sites in the 300-nucleotide region upstream of the TSS and a broad protected region extending 200 nucleotides downstream of the TSS ( Figure 6A ). MIR156C had a narrow, highly protected site 100 nucleotides downstream of the TSS ( Figure 6B ) and two very weakly protected sites upstream of the TSS. pkl had no significant effect on the MNase sensitivity of MIR156A/MIR156C in 1-week-old seedlings and also had a minor, if any, effect on the MNase sensitivity of the promoters of these genes at later time points. However, there was a significant increase in MNase sensitivity of the protected regions downstream of the TSS of MIR156A/MIR156C in pkl at both 2 and 3 weeks (Figure 6 ). This result suggests that PKL promotes nucleosome occupancy at the +1 position during the period when MIR156A/MIR156C transcription is repressed but not when these genes are highly expressed. These data indicate that PKL acts as a nucleosome remodeler in planta, but also suggest that this function is modulated by other factors that contribute to the transcriptional activity of the loci with which it is associated. (A) Genomic location of the sites analyzed by ChIP. (B) and (C) ChIP analysis of H3K27me3 (B) and H3K27ac (C) in the shoot apices of Col and mutant plants at 1, 2, and 3 weeks. pkl and swn-3 pkl have reduced levels of H3K27me3 at 2 and 3 weeks and elevated levels of H3K27ac at 1 and 2 weeks. Data are presented as the ratio of (MIR156A/H3) to (STM/H3) or (MIR156C/H3) to (STM/H3). Values are mean 6 SE for the technical replicates from one representative experiment. (D) ChIP analysis of H3K27me3 in the shoot apices of 2-week-old Col and mutant plants. swn-3 had no detectable effect on H3K27me3, while clf-28 reduced H3K27me3 by ;40% at MIR156A and by ;25% at MIR156C. Values are mean 6 SE from three biological replicates for swn-3 and from one experiment for clf-28; asterisk indicates significant difference from Col, P < 0.01, Student's t test.
DISCUSSION The Mechanism of Vegetative Phase Change
A central question in developmental biology is how cells and tissues stably maintain their identity over time and how they switch from one stable state to the next. One of the most striking examples of this phenomenon in plants is vegetative phase change, which involves the transition between juvenile and adult phases of vegetative growth (Wareing, 1959) . The first person to suggest a molecular mechanism for this phenomenon was R.A. Brink (Brink, 1962) . Brink proposed that vegetative phase change is mediated by "self-perpetuating accessory materials" that undergo "orderly changes in state." Brink predicted that these materials would include components of chromatin and coined the term "parachromatin" to distinguish this dynamic form of chromatin from the constitutive heterochromatin found near centromeres and at other chromosomal locations. This hypothesis was based on his discovery of paramutation in maize (Zea mays), which he showed involved an interaction between alleles that led to a heritable change in the expression of one of the alleles. Brink was struck by the similarity between the stable, but reversible, changes in gene expression that resulted from paramutation, and the stable, but reversible, changes in vegetative identity that accompany the juvenile-to-adult transition in plants and was prescient in recognizing that these phenomena might have mechanistic similarities. It is now generally recognized that changes in chromatin structure are the basis for the stability of many developmental states. However, the mechanism of vegetative phase change, and the basis for the stability of the juvenile and adult phases, is still unknown. The results presented here suggest that, as Brink predicted, changes in chromatin structure play key roles in these phenomena.
A model for the mechanism of vegetative phase change is shown in Figure 7 . Vegetative phase change in Arabidopsis is mediated by a decline in the transcription of MIR156A/MIR156C. We found that this decrease is temporally correlated with an increase in the amount of H3K27me3 at these genes and that mutations that interfere with the deposition of this epigenetic mark slow the decrease in MIR156A expression and almost completely block the decrease in MIR156C expression. This observation is significant because it suggests that H3K27me3 is required for the downregulation of these genes. H3K27me3 may therefore play a different role in vegetative phase change than it does in vernalization, where it is required for the continued repression of the master regulator of this process, FLC, but is not required for the initial decline in FLC expression (Gendall et al., 2001) .
The increase in H3K27me3 at MIR156A/MIR156C is associated with an increase in the amount of PRC2 bound to these genes. One factor that might contribute to this is a decrease in the amount of (A) Location of the genomic sites analyzed by ChIP. (B) Sites associated with PKL-FLAG in MIR156A and MIR156C chromatin in shoot apices of 1-, 2-, and 3-week-old PKL-FLAG plants, relative to nontransgenic plants. PKL binds in the promoter, near the TSS of MIR156A and MIR156C. (C) Sites associated with FIE-HA in MIR156A and MIR156C chromatin in shoot apices of 1-, 2-, and 3-week-old FIE-HA plants, relative to nontransgenic plants. FIE binds near the TSS of MIR156A at 2 weeks and binds in a broader region of MIR156C at 2 and 3 weeks. Fold enrichment of each fragment was first calculated as the ratio of PKL-Flag to Col or FIE-HA to C24 and then normalized against a nonbinding site within MIR156A/MIR156C (A10 and C8 for PKLFlag; A2 and C1 for FIE-HA). Values are presented as mean 6 SE for the technical replicates from one representative experiment.
H3K27ac at these loci. In both Drosophila (Tie et al., 2009 ) and mammals (Reynolds et al., 2012; Kim et al., 2015) , H3K27ac antagonizes the binding of PRC2. A temporally regulated decrease in the rate of H3K27 acetylation or an increase in the rate of H3K27 deacetylation could therefore play an important role in the increased affinity of PRC2 for MIR156A/MIR156C. Another way in which PRC2 could be recruited to MIR156A/MIR156C is by association with a temporally regulated factor that binds to these genes. For example, PRC2 is directed to the FLC locus by the coldinduced PHD protein VIN3 (Sung and Amasino, 2004) , which becomes physically associated with PRC2 during the cold (De Lucia et al., 2008) . Among the candidates for such interacting factors are the B3 domain transcription factors VAL1 and VAL2. Like pkl, plants lacking these factors have elevated levels of primiR156a/pri-miR156c and reduced levels of H3K27me3 at MIR156A/MIR156C (Picó et al., 2015) . However, the effect of val1 val2 on MIR156A/MIR156C expression and H3K27me3 was observed during a period when there was no major change in the expression of MIR156A/MIR156C in wild-type plants (Picó et al., 2015) , so the relevance of this effect for vegetative phase change is unclear. It has been suggested (Picó et al., 2015) that the effect of val1 val2 on miR156 expression might be attributable to the inappropriate expression of the seed-specific transcription factor FUS3, which promotes the transcription of MIR156A in developing seeds (Wang and Perry, 2013) and is expressed postembryonically in these mutants (Yang et al., 2013a) . FUS3 is also expressed postembryonically in pkl roots (Dean Rider et al., 2003) , which raised the possibility that it might be responsible for the effect of these mutations on miR156 expression. We examined this possibility by comparing the expression patterns of FUS3, primiR156a, and pri-miR156c in Col, pkl, swn, and swn pkl. We observed no significant difference in FUS3 expression in Col, pkl, and swn, but did observe a variable, transient increase in FUS3 transcripts at 12 d in swn pkl (Supplemental Figure 7) . We do not think this explains the phenotype of swn pkl because the increase in FUS3 transcripts is highly variable and transient, whereas miR156 expression is elevated in swn pkl for a prolonged period. Furthermore, we found that fus3-3 swn pkl triple mutants produced the same number of juvenile leaves as swn pkl, demonstrating that FUS3 is not required for the delayed phase change phenotype of swn pkl.
The Function of PKL
PKL is a member of subfamily II of CHD proteins, which includes the animal protein Mi2b/CHD4 (Ho et al., 2013 ). This MNase sensitivity of MIR156A (A) and MIR156C (B) chromatin isolated from 1-, 2-, and 3-week-old Col and pkl shoot apices. There is no significant difference between Col and pkl at 1 week (P > 0.05), but there is a significant increase in the MNase sensitivity of sites in the position of the +1 nucleosome (100 to 200 nucleotides) in pkl at 2 and 3 weeks (P < 0.05). Values were normalized to the 273 fragment of At4g07700 and are the results of one representative experiment.
ATP-dependent nucleosome remodeling protein is associated with the nucleosome remodeling and deacetylation complex (NuRD), one of the most abundant histone-modifying protein complexes in mammals (McDonel et al., 2009) . In mammalian embryonic stem cells, NuRD promotes transcriptional repression by deacetylating H3K27, which facilitates the binding of PcG proteins and the addition of H3K27me3 to target genes (Reynolds et al., 2012) . The basis for its role in gene activation is less clear, but the evidence suggests that NuRD controls gene expression by modulating the balance between H3K27ac and H3K27me3 (Reynolds et al., 2012) . Although there is no evidence that PKL functions as part of a large protein complex (Ho et al., 2013 ), our results demonstrate that PKL regulates the level of H3K27ac, suggesting that it might be associated with, or promote the activity of, a histone deacetylase. Interestingly, pkl produced an increase in H3K27ac before it had a noticeable effect on H3K27me3. This observation suggests that PKL may regulate the balance between H3K27ac and HeK27me3 and provides an explanation for why PKL can both repress and activate gene expression.
Alternatively, PKL could promote the binding and/or activity of PRC2 through its role in nucleosome remodeling. Previous work has shown that PKL promotes nucleosome sliding in vitro in an ATP-dependent fashion (Ho et al., 2013) . Along with our observation that PKL promotes nucleosome occupancy at the +1 position, this result suggests that PKL could operate either to stabilize the +1 nucleosome or to promote the addition of nucleosomes at this position. Interestingly, the binding pattern of PKL at MIR156A/MIR156C did not change from 1 to 3 weeks after germination, but loss of PKL only affected nucleosome occupancy in 2-and 3-week-old seedlings and only affected H3K27me3 at MIR156A/MIR156C at these time points. This observation suggests that other nucleosome remodelers play a more important role in regulating MIR156A/MIR156C transcription early in development, when these genes are most active. An excellent candidate is the chromatin remodeler BRAHMA, which has recently been shown to promote gene expression by antagonizing the activity of PRC2 (Li et al., 2015) . It may be that PKL constitutively promotes PRC2 activity by promoting nucleosome occupancy at the +1 position, but this function is overridden early in development by the activity of other nucleosome remodelers. Deciphering how PKL contributes to H3K27ac and nucleosome occupancy, and whether these functions are responsible for the temporal pattern of PRC2 binding at MIR156A/MIR156C, is an important subject for future research.
The hypothesis that PKL promotes H3K27me3 through its effect on H3K27ac and/or nucleosome occupancy is consistent with the synergistic interaction of pkl with swn. This genetic interaction implies that PKL and SWN operate in different, functionally related processes and most likely reflects the combined effect of a reduction in the amount of functional PRC2 (due to swn) and a reduction in the ability of the remaining PRC2 to act on MIR156A/MIR156C (due to pkl). All of the H3K27me3 in shoot tissue is produced by SWN and CLF (Bouyer et al., 2011; Lafos et al., 2011) , so this hypothesis implies that the synergistic phenotype of swn pkl is attributable to the effect of pkl on CLF activity. Although we did not test the effect of pkl on CLF activity, the results presented here, as well as other research (Picó et al., 2015) , demonstrate that CLF promotes H3K27me3 of MIR156A/ MIR156C, so this is a reasonable hypothesis.
One argument against the conclusion that H3K27me3 is important for vegetative phase change is the observation that clf has no effect on vegetative phase change. However, clf has a pleiotropic phenotype and elevates the expression of many genes, some of which could obscure the direct effect of clf on miR156 expression and vegetative phase. For example, FT is highly overexpressed in clf mutants (Jiang et al., 2008; Shen et al., 2014) and promotes the transcription of SPL3, SPL4, and SPL5 (Jung et al., 2012) , which are direct targets of miR156 (Wu and Poethig, 2006) . Overexpression of SPL3/4/5 promotes vegetative phase change (Wu and Poethig, 2006) and could counteract any delay in this process brought an effect of clf on miR156 expression.
Although the timing of vegetative phase change is quite predictable under any given set of environmental conditions, this transition can be delayed by a variety of factors (Poethig, 2013) . Rejuvenation of adult shoots can also occur (Brink, 1962) . Determining whether these phenomena are mediated by changes in H3K27me3 or other types of chromatin modifications is an important question for future research.
METHODS

Plant Material and Growth Conditions
All of the stocks used in this study were in the Col genetic background, except for the FIE-HA line, which was in C24. pkl (GK_273E06), swn-3 (SALK_050195), swn-7 (SALK_109121), clf-28 (SALK_139371), and clf-29 (SALK_021003) were obtained from the ABRC. pkr1-1 was obtained from Claudia Köhler, PKL-FLAG was provided by Joe Ogas, and FIE-HA was a gift from Chris Helliwell and Doris Wagner. Seeds were sown on Farfard #2 PKL is bound constitutively to the promoters of MIR156A/MIR156C and reduces H3K27ac by virtue of its association with a histone deacetylase (X). The transition to the adult phase occurs either when the level of H3K7ac drops to level that is no longer inhibitory to PRC2 binding or when a temporally regulated factor (Y) increases the affinity of SWN-PRC2 or CLF-PRC2 for these genes. PRC2 then methylates H3K27, moving from the 59 to the 39 end of the gene. potting soil, stratified at 4°C for 2 to 4 d, and then transferred to Conviron growth chambers maintained at a constant 22°C and either LDs (16 h light:10 h dark) or SDs (10 h light:14 h dark). Illumination was provided by a 5:3 combination of white (USHIO F32T8/741) and red-enriched (Interlectric F32T8/WS Gro-Lite) fluorescent lights, at a photosynthetically active fluence rate of 150 µmoles m 22 s 21 . Unless otherwise specified, all of the data presented in this article were obtained from plants growing in SDs. Plant age was measured from the date pots were transferred to growth chambers.
Unless otherwise specified, all gene expression or ChIP analyses were performed on shoot apices bearing leaf primordia 5 mm or less in length, in order to ensure that samples from different time points contained leaves of the same maturation state. For samples collected up to 8 d after planting, cotyledons were removed and the entire shoot apex was used; at this stage, most of the tissue in the shoot is from juvenile leaves. At later times, four or more leaves and leaf primordia were removed, leaving only transition and/or adult leaf primordia.
qPCR
Total RNA was isolated using TRIzol (Invitrogen) followed by Turbo DNase (Ambion) treatment, according to the manufacturer's instructions. One microgram of RNA was reverse transcribed with SuperScript III reverse transcriptase (Invitrogen), and qPCR was performed using a Bio-Rad CFX96 real-time System. Quantitative analysis of the mature miR156 transcript was performed according to Varkonyi-Gasic et al. (2007) , using snoR101 as an internal control (Bergonzi et al., 2013) . Primers used for qPCR are listed in Supplemental Table 1 .
In Situ Hybridization
In situ hybridization was performed as previously described (Xu et al., 2010) . Shoot apices of 1-, 2-, and 3-week-old plants were fixed in 3.7% formaldehyde, embedded in Paraplast, and then sectioned longitudinally with a microtome. miR156 was detected using an antisense miR156 Locked Nucleic Acid probe purchased from Exiqon.
Chromatin Immunoprecipitation
ChIP was performed according to Saleh et al. (2008) , with some modifications. Shoot apices (0.5 to 1.0 g) were cross-linked in 1% formaldehyde. Nuclei were isolated using extraction buffer 1 (0.4 M sucrose, 10 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 5 mM b-mercaptoethanol, 1 mM PMSF, and 0.1% Triton X-100), followed by extraction buffer 2 (0.25 M sucrose, 10 mM Tris-HCl, pH 8.0, 10 mM MgCl 2 , 5 mM b-mercaptoethanol, 1 mM PMSF, and 1% Triton X-100), and resuspended in nuclei lysis buffer (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, and 1% SDS). DNA was then diluted in buffer (1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.0, 167 mM NaCl, and 0.01% SDS) and sonicated. Immunoprecipitation and reverse cross-linking was performed according to Saleh et al. (2008) . DNA was finally isolated using a QIA Quick PCR purification kit (Qiagen), and qPCR was performed on a Bio-Rad CFX96 real-time system. Antibodies against H3, H3K27me3, and H3K27ac were purchased from Abcam (ab1791), Millipore (07-449), and Abcam (ab4729), respectively. Enrichment of H3K27me3 and H3K27ac was calculated as the ratio of H3K27me3/H3 or H3K27ac/H3 normalized to the value obtained from a site at STM. Binding of PKL-Flag and FIE-HA to MIR156A and MIR156C chromatin was determined using an anti-Flag antibody (Sigma-Aldrich; F3165) and an anti-HA antibody (Roche; 11583816001), respectively. Relative enrichment was calculated as 2 2DDCt = 2 2(Ct (PKL-Flag ChIP)2Ct (PKL2Flag input)) /2 2(Ct (Col ChIP)2Ct (Col input)) . For PKL-FLAG, the data were further normalized against a region at the 39-end of MIR156A and MIR156C that displayed no significant binding; for FIE-HA, the data were further normalized against a region at the 59-end of MIR156A and MIR156C that showed no significant binding, as demonstrated by a comparison of these sites to the 271 region of the TA2 locus, which is not affected by pkl (Perruc et al., 2007; Zhang et al., 2012) . All assays were replicated two or more times using independently isolated samples. The number of replicates represented in each figure is provided in the figure legend.
MNase Assay
One to two grams of tissue from 1-, 2-, and 3-week-old rosettes was harvested for MNase assays. Nuclei were isolated according to Han et al. (2012) and were then subjected to MNase digestion for 3 to 5 min at 37°C. Mononucleosomes were gel-purified using a GenJET gel extraction kit (Fisher). The extracted DNA was then amplified by qPCR using a series of primers that amplify 90-to 110-bp fragments spaced 35 to 45 bp apart (Supplemental Table 1 ). Relative nucleosome occupancy was calculated as the fraction of MNase-digested DNA relative to mock undigested DNA (2 2(Ct (MNase)2Ct (mock)) ), followed by normalization to a fragment at the 273 position in the gypsy-like retrotransposon, AT4G07700 (Kumar and Wigge, 2010; Han et al., 2012) .
Accession Numbers
Sequence data from this article can be found in Supplemental Table 1 and in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: MIR156A, AL031369, At2g25095; MIR156C, AL049607, At4g31877; PKL, NM_128074, At2g25170; SWN, NM_116433, At4g02020; CLF, NM_127902, At2g23380; STM, NM_104916, At1g62360; TA2, CP002687, At4g06488; FIE, NM_112965, At3g20740; EMF2, NM_124502, At5g51230; VRN2, NM_117787, At4g16845; MEA, NM_100139, At1g02580; MSI1, NM_125208, At5g58230; PKR1, NM_123848, At5g44800; FUS3, NM_113591, At3g26790; SNOR101, NM_101919, At1g20690; ACT2, NM_112764, At3g18780; At4g07700, CP002687.
Supplemental Data
Supplemental Figure 1 . The phenotype of pkl-11 and the effect of pkl-10, swn-3, and swn-7 on gene expression. Supplemental Figure 6 . Abundance of the sites used for normalization in the PKL-FLAG and HA-FIE ChIP experiments, relative to the retrotransposon TA2.
Supplemental
Supplemental Figure 7 . pkl has no effect on the MNase sensitivity of At4g07700.
Supplemental Figure 8 . RT-qPCR analysis of the temporal pattern of FUS3 expression in the shoot apices of Col and mutant plants.
Supplemental Table 1 . PCR primers.
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